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PROJECTION OBJECTIVE FOR A 
MICROLITHOGRAPHIC PROJECTION EXPOSURE APPARATUS 



BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The invention relates to microlithographic projection ex- 
posure apparatuses as are used to manufacture large-scale 
integrated electrical circuits and other microstructured 
components- More particular, the invention relates to a 
projection objective of such an apparatus that is de- 
signed for immersion operation. 

2. Description of Related Art 

Integrated electrical circuits and other microstructured 
components are normally produced by applying a plurality 
of structured layers to a suitable substrate, which may 
be, for example, a silicon wafer. To structure the lay- 
ers, they are first covered with a photoresist that is 
sensitive to light of a certain wavelength range. The wa- 
fer coated in this way is then exposed in a projection 
exposure apparatus. In this operation, a pattern of 
structures contained in a mask is imaged on the photore- 
sist with the aid of a projection objective. Since the 
imaging scale is generally smaller than 1, such projec- 
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tion objectives are frequently also referred to as reduc- 
tion objectives. 

After the development of the photoresist, the wafer is 
subjected to an etching or deposition process, as a re- 
5 suit of which the uppermost layer is structured in accor- 
dance with the pattern on the mask. The photoresist still 
remaining is then removed from the remaining parts of the 
layer. This process is repeated until all the layers have 
been applied to the wafer. 

10 One of the most prominent objects in the design of pro- 
jection exposure apparatuses is to be able to define 
lithographically structures having increasingly smaller 
dimensions on the wafer. Small structures result in high 
integration densities, which generally have a favorable 

15 effect on the performance of the microstructured compo- 
nents produced with the aid of such apparatuses . 

One of the most important parameters that determine the 
minimum size of the structures to be lithographically de- 
fined is the resolution of the projection objective. 

20 Since the resolution of the projection objectives de- 
creases as the wavelength of the projection light becomes 
smaller, one approach to achieve smaller resolutions is 
to use projection light with ever-shorter wavelengths. 
The shortest currently used wavelengths are in the deep 

25 ultraviolet (DUV) spectral range and are 193 nm and 157 
nm. 
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Another approach to decrease the resolution is to intro- 
duce an immersion liquid having high refractive index 
into the gap that remains between a final lens element on 
the image side of the projection objective and the photo- 
5 resist or another photosensitive layer to be exposed. 

Projection objectives that are designed for immersion op- 
eration and are therefore also referred to as immersion 
objective may reach numerical apertures of more than 1, 
for example 1.3 or 1.4. The term " iijunersion liquid" 

10 shall, in the context of this application, relate also to 
what is commonly referrd to as "solid immersion". In the 
case of solid immersion, the immersion liquid is in fact 
a solid medium that, however, does not get ±n direct con- 
tact with the photoresist but is spaced apart from it by 

15 a distance that is only a fraction of the wavelength 

used. This ensures that the laws of geometrical optics do 
not apply such that no total reflection occurs . 

Immersion operation, however, does not only allow to 
achieve very high numerical apertures and, consequently, 

20 a smaller resolution, but it also has a favorable effect 
on the depth of focus. The higher the depth of focus is, 
the lower are the requirements imposed on an exact posi- 
tioning of the wafer in the image plane of the projection 
objective. Apart from that, it has been found out that 

25 immersion operation considerably relaxes certain design 
constraints and simplifies, the correction of aberrations 
if the numerical aperture is not increased. 
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In the meantime, immersion liquids have been developed 
whose refractive index is significantly above that of de- 
ionized water (n H 2o = 1.43) and that are nevertheless also 
highly transparent and resistant to projection light of 
5 the wavelength 193 nm. When using immersion liquids with 
such high refractive indices , it may happen that the re- 
fractive index of the immersion liquid is greater than 
the refractive index of the material of which the last 
optical element on the image side is, composed. In conven- 

10 tional projection objectives having a last optical ele- 
ment with a plane surface on the image side, the maximum 
numerical aperture is restricted by the refractive index 
of this last optical element. If this optical element ±s r 
for example, made of quartz glass, an increase in the nu- 

15 merical aperture beyond the refractive index of quartz 

glass (n S io2 = 1.56) is not possible although the refrac- 
tive index of the immersion liquid is even higher. 

Document JP 2000-058436 A discloses a projection exposure 
apparatus having a projection objective can be used bo-th 

20 in dry and in immersion operation. When switching to im- 
mersion operation, an additional lens element having a 
concave surface on the image side is introduced into tlie 
gap between the last optical element of the projection 
objective and the wafer. The interspace between the addi- 

25 tional lens element and the wafer may be filled with an 
immersion liquid, for example an oil. This document does 
not disclose the refractive indices of the immersion liq- 
uid and the additional lens element. 
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SUMMARY OF THE INVENTION 

It is therefore an object of the present invention to 
provide an immersion projection objective in which the 
refractive index of the last optical element on the image 
5 side is larger is smaller than the refractive index of 
the immersion liquid, but having a numerical aperture 
that is not restricted by the refractive index of the 
last optical element. 

This object is achieved in that, during immersion opera— 
10 tion, the immersion liquid is convexly curved towards ttie 
object plane. 

As a result of the convex curvature of the immersion liq- 
uid towards the object plane, the angles of incidence at 
which projection light rays impinge on the interface be— 

15 tween an adjoining medium, e.g. the last optical element 
on the image side, and the immersion liquid are reduced. 
Thus a light ray that would be totally reflected by a 
flat interface can now contribute to the image, and this, 
in turn, allows higher numerical apertures that can also 

20 be above the refractive index of the last optical element 
on the image side. In this way the numerical aperture is 
limited only by the refractive index of the immersion 
liquid, but not by the refractive index of the medium 
that adjoins the immersion- liquid on the object side. 
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The simplest way of achieving an immersion liquid that is 
convexly curved towards the object plane is to allow the 
immersion liquid to adjoin directly a concavely curved 
image-side surface of the last optical element of the 
5 projection objective. The curvature of the immersion liq- 
uid is then unalterably fixed by the curvature of this 
surface . 

In order to prevent an undesired drainage of the immer- 
sion liquid from the cavity that is formed by the con- 

10 cavely curved image-side surface of the last optical ele- 
ment, this surface may be surrounded circumf erentially by 
a drainage barrier- This may, for example, be a ring that 
is joined to the last optical element and/or a housing of 
the projection objective. The ring, which may be com- 

15 • posed, for example, of a standard lens material such as 
quartz glass or calcium fluoride (CaF 2 ) , but also of a 
ceramic or of hardened steel, is preferably provided on 
the inside with a coating that prevents contamination of 
the immersion liquid by the ring. Such a ring is also ad- 

20 vantageous if the refractive index of the immersion liq- 
uid is equal to or smaller than the refractive index of 
the medium that adjoins the immersion liquid on the ob- 
ject side. 

The image-side surface of the last optical element may be 
25 spherical. Calculations have shown that the radius of 
curvature may advantageously be selected to be between 
0.9 times and 1.5 times and preferably 1.3 times the ax- 
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ial distance (i.e. vertex distance) between the this sur- 
face and the image plane. Such a conzf iguratipn, which is 
also advantageous if the refractive index of the immer- 
sion liquid is equal to or smaller ttian the refractive 
5 index of the medium that adjoins the immersion liquid on 
the object side, has the advantage tine high angles of in- 
cidence at the object side interface of the immersion 
liquid are avoided. Such high angles usually result in a 
strong sensitivity of the interface ,.to design and manu- 
10 facturing deficiencies. From this point of view, the an- 
gles of incidence should be as small as possible. This 
generally requires a very large curvature (i.e. a small 
radius of curvature) of the object-side interface of the 
immersion liquid. 

15 Another way of obtaining an interface of the immersion 

liquid that is convexly curved towarcd the object plane is 
to introduce an intermediate liquid ioetween the last op- 
tical element and the immersion liquid. This intermediate 
liquid is not miscible with the immersion liquid and 

20 forms a curved interface in an electzcic field during im- 
mersion operation. Such a configuration is also advanta- 
geous if the refractive index of the immersion liquid is 
equal to or smaller than the refractive index of the me- 
dium that adjoins the immersion liquid on the object 

25 side. 

This approach makes use of an effect that is also known 
as "electrowetting". If the magnitude of the electric 
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field is altered, this is accompanied by an alteration in 
the curvature of the interface. This effect has hitherto 
been used, however, only for autofocus lenses for CCD or 
CMOS sensors on components that are produced by Variop- 
5 tic, France. 

The more the electrical conductivities of the two liquids 
differ from one another, the greater is the curvature of 
the interface. A large difference may be achieved if one 
of the two liquids, for example the intermediate liquid, 
10 is electrically conductive and the other liquid, for ex- 
ample the immersion liquid, is electrically insulating. 

It is furthermore advantageous if the intermediate liquid 
has substantially the same density as the immersion liq- 
uid since no buoyancy forces can occur and, consequently, 
15 the shape of the interface is independent of the position 
of the arrangement in space. 

The refractive index of the intermediate liquid should be 
less than the refractive index of the immersion liquid, 
but it may be less or greater than the refractive index 
20 of the last optical element on the image side. 

Preferably, the electric field that is necessary to form 
the curved interface is generated by an electrode. A sym- 
metrical formation of the interface can be achieved, for 
example, by using an annular cone electrode that is dis- 
25 posed .between the last optical element and the image 
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plane. The curvature of the interface can be continuously 
varied in this way by varying a voltage applied to the 
electrode- This can be exploited in order to correct cer- 
tain imaging properties of the projection objective. 

5 Above it has been mentioned that it may be desirable to 
have a strongly curved interface between the immersion 
liquid and the medium adjoining to the object side, be- 
cause this simplifies the correction of imaging aberra- 
tions. However, it has also significant advantages if the 

10 curvature of this interface is small. This is because a 
large curvature generally leads to the formation of a 
cavity within the last optical element. Such a cavity has 
several drawbacks. For example, it favors the occurrence 
of undesired turbulences within the cavity if a flow of 

15 the immersion liquid has to maintained, for example for 
reasons of temperature stability and for purifying the 
liquid. Furthermore, highly refractive immersion liquids 
have a somewhat higher absorption than lens materials. 
For that reasons the maximum geometrical path lengths 

20 within the immersion liquid should be kept small. Fi- 
nally, a small curvature simplifies the access to the im- 
age side surface of the last optical element for cleaning 
purposes . 

Therefore it is generally preferred if the immersion liq- 
25 uid forms a convexly curved interface with a medium ad- 
joining the immersion liquid towards the object plane 
such that light rays pass the interface with a maximum 
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angle of incidence whose sine is between 0.98 and 0.5, 
more preferably between 0.95 and 0,85, and even more 
preferably between 0.94 and 0.87. The latter values cor- 
respond to angles of incidence of 60° and 70°, respec- 
5 tively. The angle of incidence here denotes the angle be- 
tween the light ray and a surface normal at the point 
where the light ray impinges on the surface. These con- 
figurations are also advantageous if the refractive index 
of the immersion liquid is equal to„.or smaller than the 
10 refractive index of the medium that adjoins the immersion 
liquid on the object side. 



The very high numerical apertures possible according to 
the invention, which may be, for example, 1.6 and above, 
require, under some circumstances, a novel design of the 

15 projection objective. In this connection, a catadioptric 
projection objective comprising at least two imaging mir- 
rors in which at least two intermediate images may be ad- 
vantageous. Such a configuration is also advantageous if 
the refractive index of the immersion liquid is equal to 

20 or smaller than the refractive index of the medium that 
adjoins the immersion liquid on the object side. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Various features and advantages of the present invention 
may be more readily understood with reference to the fol- 
lowing detailed description taken in conjunction with the 
accompanying drawing in which: 



Figure 1 shows a meridian section through a microlitho- 
graphic projection exposure apparatus having a 
projection objective according to the invention 
in a considerably simplified view that is not 
to scale; 



Figure 2 shows an enlarged view of the image-side end of 
the projection objective shown in Figure 1; 

Figure 3 shows an enlarged view similar to Figure 2 for 
an alternative embodiment with a drainage bar- 
rier ; 



Figure 4 shows the image-side end of a projection objec- 
tive in accordance with another exemplary em- 
bodiment in which an intermediate liquid has 
been introduced between the immersion liquid 
and the last optical element on the image side; 

Figure 5 shows details of' the geometrical conditions at 
the image-side end of a projection objective 
according to the invention; 
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Figure 6 shows a meridian section through a catadioptric 
projection objective in accordance, with an em- 
bodiment the present invention; 



Figure 7 shows a meridian section through a catadioptric 
5 projection objective in accordance with a fur- 

ther embodiment the present inventions- 
Figure 8 shows a meridian section through a catadioptric 
projection objective in accordance with another 
embodiment the present invention; 



10 Figure 9 shows a meridian section through a complete ca- 
tadioptric projection objective in accordance 
with still another embodiment the present in- 
vention . 



DESCRIPTION OF PREFERRED EMBODIMENTS 



15 Figure 1 shows a meridian section through a microlitho- 
graphic projection exposure apparatus denoted in its en- 
tirety by 110 in a considerably simplified view that is 
not to scale. The projection exposure apparatus 110 com- 
prises an illuminating system 112 for generating projec- 

20 tion light 113 including a light source 114, illumination 
optics indicated by 116 and a diaphragm 118- In the exem- 
plary embodiment shown, the projection light 113 has a 
wavelength of 193 nm. 
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The projection exposure apparatus 110 furthermore in- 
cludes a projection objective 120 that comprises a multi- 
plicity of lens elements, of which, for the sake of clar- 
ity, only a few are indicated by way of example in Figure 
5 1 and are denoted by LI to L5 - The projection objective 
120 images a mask 124 disposed in an object plane 122 of 
the projection objective 120 on a reduced scale on a pho- 
tosensitive layer 126. The layer 126, which may be com- 
posed of a photoresist, is disposed^in an image plane 128 
10 of the projection objective 120 and is applied to a sub- 
strate 130. The photosensitive layer 126 may itself be 
composed of a plurality of layers and may also comprise 
antiref lection layers, as is known in the art as such. 

An immersion liquid 134 has been introduced into a gap 
15 132 that remains between the last lens element L5 on the 
image side and the photosensitive layer 126. 

This can be seen more clearly in Figure 2 that shows the 
image-side end of the projection objective 120 on an 
enlarged scale. The last lens element L5 on the image 
20 side has, on the image side, a surface 136 that is con- 
cavely curved. The gap 132 between the last lens element 
L5 on the image side and the photosensitive layer 126, 
which is usually flat at both ends, now transforms into a 
kind of cavity. 



25 The surface 136 is approximately of spherical shell 

shape, the radius of curvature being denoted in Figure 2 
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by R. In this arrangement, the radius of curvature R is 
about 1.3 times the axial distance s between, the last 
lens element L5 on the image side and the photosensitive 
layer 126. 

5 The immersion liquid 134 has a refractive index n L that 
is greater than the refractive index of the material ni 
of which the last lens element L5 on the image side is 
composed. If, for example, quartz glass or calcium fluo- 
ride is used as material, a liquid should be chosen whose 

10 refractive index n L is above 1.56 or 1.5. This can be 

achieved, for example, by adding sulphates, alkalis such 
as caesium, or phosphates to water, as is described on 
Internet page www. eetimes . com/ semi/news /0EG2 004 0128 S00 17 . 
These immersion liquids have sufficient transparency and 

15 stability even at wavelengths in the deep ultraviolet 

spectral range. If the projection exposure apparatus 110 
is designed for longer wavelengths, for example for wave- 
lengths in the visible spectral range, conventional im- 
mersion liquids having high refractive index, such as, 

20 for example, cedarwood oil, carbon disulphide or monobro- 
monaphthalene may also be used as immersion liquid. 

Since the immersion liquid forms, with respect to the ob- 
ject plane 122, a convexly curved interface 139 with the 
last lens element L5 on the image side, only relatively 
25 small beam incidence angles occur at said interface 139. 
This is shown in Figure 2 by way of example for aperture 
rays 113a and 113b having a maximum aperture angles a. As 
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a result, reflection losses at said interface are corre- 
spondingly small. Thus rays having large aperture angles 
with respect to an optical axis OA of the projection ob- 
jective 12 0 may also contribute to forming an image of 
5 the mask 124, with the result that it is possible to 

achieve with the projection objective 120 numerical aper- 
tures that extend up to the refractive index n L of the 
immersion liquid 134.' If, on the other hand, the inter- 
face 139 were plane, as is usual in^.the prior art, said 
10 rays would be totally reflected at the interface between 
the last lens element L5 and the immersion liquid. 

Figure 3 shows a projection objective 120 in accordance 
with another exemplary embodiment in a view along the 
lines of Figure 2. Identical parts are characterized in 
15 the figure by identical reference numerals . 

The projection objective 120 1 differs from the projection 
objective 120 shown in Figures 1 and 2 only in that a 
ring 140 is tightly joined to the last lens element L5 
and a housing 141 of the projection objective 120. The 

20 ring 14 0 functions as a drainage barrier for the immer- 
sion liquid 134. Such a drainage barrier may be particu- 
larly advantageous if the surface 136 of the last lens 
element L5 on the image side is strongly curved since 
then the gap 132 has a large maximum extension along the 

25 optical axis OA. Accordingly, the hydrostatic pressure of 
the immersion liquid 134 is relatively high. Without a 
drainage barrier, said pressure may ultimately have the 
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result that the immersion liquid 134 is forced out of the 
cavity into the surrounding gap 132 between the projec- 
tion objective 120 and the photosensitive layer 126 so 
that a surrounding gas may enter the cavity. 

5 The ring 140 may be composed, for example, of a standard 
lens material such as quartz glass or calcium chloride, 
but also of other materials, such as Invar™ nickel alloy, 
stainless steel or (glass) ceramic. y . 

Figure 4 shows an image-side end of a projection objec- 
10 tive 120" in accordance with a further exemplary embodi- 
ment in which a curvature of the immersion liquid 134 is 
achieved in another way. 

In the projection objective 120", the immersion liquid 
134 does not directly adjoin a last lens element L5" on 

15 the image side. Instead, a further liquid, which is re- 
ferred to in the following as intermediate liquid 142, is 
situated between the last lens element L5" on the image 
side and the immersion liquid 134. The intermediate liq- 
uid 142 is, in the embodiment shown, water to which ions 

20 have been added. Due to the ions the water becomes elec- 
trically conductive. The immersion liquid 134, which also 
in this case has a greater refractive index than the last 
lens element L5", is electrically insulating. For. wave- 
lengths of the projection light that are in the visible 

25 spectral range, the oils and naphthalenes already men- 
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tioned above are, for example, suitable as immersion liq- 
uid 134. 

The intermediate liquid 142 completely fills the space 
that remains between an image-side surface 136" of the 
5 last lens element L5" on the image side and the immersion 
liquid 134. The surface 136" is convexly curved in the 
exemplary embodiment shown, but the latter may also be a 
plane surface. Adjacent to a ring lfO" that, as in the 
exemplary embodiment described above, has the function of 

10 a drainage barrier, a likewise annular conical electrode 
14 6 is provided that is connected to a controllable volt- 
age source 147. Applied to the conical electrode 146 is 
an insulator layer 148 that, together with the photosen- 
sitive layer 12 6, ensures continuous insulation of the 

15 immersion liquid 134 with respect to the image plane. The 
voltage source 147 generates an alternating voltage whose 
frequency is between 100 kHz and 500 kHz. The voltage ap- 
plied to the conical electrode 14 6 is in the order of 
magnitude of about 40 V. 

20 When the alternating voltage is applied to the conical 
electrode 14 6, the electrowetting effect known as such 
has the result that the interface 139 between the immer- 
sion liquid 134 and the intermediate liquid 142 convexly 
curves towards the object plane 122. The cause of this 

25 curvature is capillary forces that, together with the 
unalterability of the total volume and the tendency to 
the formation of a minimum surface, generate, to a good 
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approximation , a spherical interface 139 if a sufficient- 
ly high alternating voltage is applied to electrode 146. 

If the alternating voltage is now reduced, the curvature 
of the interface 139 decreases. In Figure 4 this is indi- 
5 cated by an interface 139 f shown as a broken line. The 
refractive index of the liquid lens formed by the immer- 
sion liquid 134 can consequently be continuously varied 
in a simple way, namely by altering^ the electrical alter- 
nating voltage applied to the conical electrode 146. For 
10 the sake of completeness, it may also be mentioned at 

this point that the curvature of the interface 139 does 
not necessarily require an alternating voltage, but may 
also be achieved with a direct voltage. 

Also in this embodiment, the interface of the immersion 
15 liquid 134 that is convexly curved towards the object 

plane 122 has the effect that a numerical aperture can be 
achieved that is limited not by the refractive index of 
the last lens element L5" but only by the refractive in- 
dex of the immersion liquid 134. 

20 The continuous variability of the refractive power of the 
liquid lens formed by the immersion liquid 134 can advan- 
tageously also be used at other locations in the projec- 
tion objective. Advantageously, such a liquid lens can be 
used at positions inside the projection objective that 

25 are exposed to particularly high light intensities. Deg- 
radation phenomena, such as occur in the case of conven- 
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tional solid lenses, can be suppressed in this way or at 
least be repaired by simply replacing the immersion liq- 
uid. Incidentally, corresponding remarks also apply to 
the embodiments shown in Figures 2 and 3. 

5 Figure 5 shows an image-side end of a projection objec- 
tive according to a still further exemplary embodiment. 
Here the last lens element L205 has a spherical surface 
236 facing towards the image plane that has a smaller 
concave curvature, i.e. a larger "radius R, than the lens 
10 element L5 in the embodiments shown in Figures 2 and 3. 

In the following the geometrical conditions at the inter- 
face between the last lens element L205 and the immersion 
liquid 134 will be discussed in further detail. 

Reference numeral AR denotes an aperture ray having a 
15 maximum aperture angle cp . The aperture ray AR impinges on 
the photosensitive layer 126 at a peripheral point of the 
image field at a height h with respect to the optical 
axis OA. The aperture ray AR has an angle of incidence ex 
and an angle of refraction (3 at the interface between the 
20 last lens element L205 and the immersion liquid 134. The 
distance between the vertex of the last surface 236 of 
the lens element L2 05 and the image plane in which the 
photosensitive layer 126 is positioned is denoted by s. 

Projection objectives are basically characterized by two 
25 quantities, namely the image-side numerical aperture 
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NA — n • sin (cp) 

and the quantity 2h, i.e. the diameter of a circle around 
the optical axis OA on which an image can be formed. 

From the image-side numerical aperture NA certain geomet- 
5 rical properties can be derived which ensure that the 

light can propagate through the last lens element and im- 
mersion liquid without being reflected at the interfaces. 
However, the design requirements applied to the last lens 
element are, in practice, somewhat stricter than those 

10 that can be derived solely from the image-side numerical 
aperture. For example, the angle of incidence a should 
not exceed a certain value that is, for example, about 
75°, and more preferably 70°. This is because experience 
shows that projection objectives having larger angles of 

15 incidence a require very complex measures to achieve a 
good aberration correction and a reduced sensitivity to 
manufacturing tolerances and changing environmental con- 
ditions . 

At present projection objectives for dry operation 
20 achieve an image-side NA close to about 0.95. This means 
that the numerical aperture NA does not exceed 95% of the 
refractive index of the medium (usually a gas or a mix- 
ture of gases such as air) that immediately precedes the 
image plane. In such dry projection objectives the maxi- 
25 mum angles of incidence are in the order of about 7 0°, in 
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particular at the last surfaces close to the image plane 
but also at other surfaces of lens elements., 

Since these considerations also apply to immersion objec- 
tives, the angles of incidence should be kept below these 
5 values . From geometrical considerations it becomes clear 
that the stronger the curvature of the surface 236 is, 
the smaller are the angles of incidence. Thus a strong 
curvature ensures that the angles of incidence do not go 
beyond these values. 

10 The surface 236 of the lens element L205 should, on the 
other hand, not be too severely curved. This is due to 
the fact that a too severely curvature may result in in- 
creased problems with respect to flow mechanics, contami- 
nation and temperature sensitivity of the immersion liq- 

15 uid 134. For example, it may be difficult to achieve a 

homogenous and constant temperature of the immersion liq- 
uid 134, and the immersion liquid 134 may be enclosed in 
such a way within a strongly convex cavity that replacing 
the immersion liquid, for example for purging reasons, 

20 becomes a very complex task. 

It has been found out that a good compromise is achieved 
if the following condition holds for the maximum angle of 
incidence a: 



0.95 > sin(a) > 0.85. 
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In the following a formula is derived that specifies a 
suitable curvature p as a function of NA = n,sin(cp), dis- 
tance s, image height h and the refractive indices n' , n 
of the last lens element L205 and the immersion liquid 
134 r respectively, so that the sine of the angle of inci- 
dence a does not exceed a certain advantageous and prac- 
ticable value. Such a value was found to be sin (a) < k, 
where k = 0.95, Using the law of refraction, it follows 
that 



According to simple geometrical considerations, it can be 
deduced therefrom that 



n 



- sin (p) > k 



n 



— {sp - 1) sin (<p) > k 



Thus 




s 



is the condition for minimum surface curvature. For the 
radius R = 1/p this gives ' 
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R > 



S 



f 



1 - 



NA 



For an exemplary numerical aperture NA = 1 . 5 and Si0 2 as 
material for the last lens element L205 with n T = 1.56, 
this results in 

R > m - s 

with m ~ 83 . For s - 2 mm, this leads to a radius R of 
about 167 mm for the maximum radius of curvature. 

If, in addition, the aperture rays of the outermost image 
point are taken into account in the case of a finite im- 
age field, it is sufficient for this purpose to substi- 
tute the distance s by s' according to 



in the above formulae. For a maximum field height h, it 
then follows for the minimum curvature p 



If one starts with a projection objective having the 
above-mentioned parameters, i.e. NA = 1.5 and n ' = 1.56, 



h 



s 



tan 9 
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and if one further assumes that the maximum field height 
h is 15 mm, the maximum radius of curvature R should be 
below m = 83 times (s - 5.57 mm) . For s = 8 mm, this re- 
sults in a maximum radius of curvature R of approximately 
5 200 mm, and for s — 10 mm R is approximately 375 mm. 

If, for example, k is selected to be 0.95 and an immer- 
sion liquid with a refractive index of n = 1.43 is used, 
a numerical aperture NA « 1.35 may be realized with a 
last lens element L205 that is made of Si0 2 and which has 

10 a distance s = 2 mm to the image plane and has a maximum 
radius of curvature below approximately 8 0 mm. The afore- 
mentioned detrimental effects that occur in the case of 
large curvatures can be minimized if the maximum radius 
of the surface is not only below the given values, but at 

15 least substantially identical to these values. 

Apart from the fact that the maximum angle of incidence 
should not exceed certain upper and lower limits as is 
explained above, it should be ensured that the light rays 
rather quickly converge if one looks from a point on the 

20 image plane towards the object plane. Otherwise optical 
elements with very large diameters would be required. 
This qualitative design rule can be mathematically ex- 
pressed in the following way: If k, 1, m are the three 
direction cosines of an aperture ray and n is the refrac- 

25 tive within a medium with k 2 + l 2 + m 2 = n 2 , there should 

be no volume in the objective (particularly in the vicin- 
ity of the image plane) in which (k 2 + l 2 ) /n 2 > K 0 . The 
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limit K 0 may be selected to be K 0 = 0.95 or even better K 0 
= 0.85. 

Figure 6 shows a meridian section through a first exem- 
plary embodiment of the projection objective 120 shown in 
5 Figures 1 and 2. The design data of the projection objec- 
tive are listed in Table 1; radii and thicknesses are 
specified in millimeters. The numerals above the projec- 
tion objective point to selected surfaces of optical ele- 
ments. Surfaces that are characterized by groups of short 
10 bars are aspherically curved. The curvature of said sur- 
faces is described by the aspherical formula below: 

ch 2 

z — - 4- 

1 + <Jl - (1 + k) c 2 h 2 

Ah 4 + Bh 6 + Ch* + Dh 10 + Eh 12 + Fti* 

In this equation, z is the saggita of the respective sur- 
face parallel to the optical axis, h is the radial dis- 

15 tance from the optical axis, c = 1/R is the curvature at 
the vertex of the respective surface where R is the ra- 
dius of curvature, k is the conical constant and A, B , C, 
D, E and F are the aspherical constants listed in Table 
2. In the exemplary embodiment , the spherical constant k 

20 equals zero. 

The projection objective 120 contains two aspherical mir- 
rors SI and S2 between which two (not optimally cor- 
rected) intermediate images are produced. The projection 



WO 2005/081067 



PCT/EP2004/014727 



- 26 - 



objective 120 is designed for a wavelength of 193 nm and 
a refractive index n L of the immersion liquid of 1.60. 
The linear magnification of the projection objective 120 
is p = -0.25 and the numerical aperture is NA = 1.4. Some 
5 additional improvements, however, make it possible to 
achieve without difficulty also a numerical aperture NA 
that just reaches the refractive index of the immersion 
medium and is, consequently, only slightly less than 1.6. 

Figures 7 to 9 show meridian sections through three fur- 
10 ther exemplary embodiments of the projection objective 
120 shown in Figures 1 and 2. The design data and 
aspherical constants of the projection objective shown in 
Figure 7 are listed in Tables 3 and 4; Tables 5, 6 and 
Tables 7, 8 list the design data and aspherical constants 
15 for the embodiments shown in Figure 8 and 9, respec- 
tively. 

The projection objectives shown in Figures 7 to 9 all 
have an image-side numerical aperture NA == 1.4 0 and an 
immersion liquid with a refractive index of n L = 1.60. 
20 Thus this refractive index is always greater than the re- 
fractive index of the last lens element made of CaF 2 , 
i.e. n L > n Ca F2 • 

The projection objective shown in Figure 1, which is de- 
signed for a wavelength X - 193 nm, is non-achromatized 
25 and has a last lens element LL7 with a strongly concavely 
curved image-side surface that forms a kind of cavity for 
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the immersion liquid 134. The wavefront is corrected to 
about 2/100 X. 

The projection objective shown in Figure 8 is designed 
for a wavelength X = 157 nm and is achromatized. The im- 
5 age-side surface of the last lens element LL8 is even 

stronger concavely curved; apart from that r the radius of 
curvature is almost identical with the axial distance be- 
tween the last lens element LL8 and^.the image plane, i.e. 
the center of curvature lies substantially within the im- 

10 age plane. As a result, the immersion liquid 134 has a 

large maximum thickness. Although the refractive index of 
CaF 2 is about n Ca F2 = 1.56 at X = 157 nm, the refractive 
index of the immersion liquid is still assumed to be lar- 
ger (n L = 1.60) . The wavefront is corrected to about 

15 4/100 X. 

The projection objective shown in Figure 9 is designed 
for a wavelength X = 193 nm and is non-achromatized. The 
image-side surface of the last lens element LL9 has only 
a small concave curvature so that the immersion liquid 

20 934 forms almost a flat layer. The radius of curvature is 
significantly (about a factor 10) greater than the axial 
distance between the last lens element LL9 and the image 
plane, i.e. there is a substantial distance between the 
center of curvature and the image plane. The maximum an- 

25 gel of incidence at the interface between the last lens 
element LL9 and the immersion liquid 934 is about 67° 
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(i.e. sin a = 0.92). The wavefront is corrected to about 
5/100 A. 

When comparing the wavefront errors in the similar em- 
bodiments shown in Figures 7 and 9, it becomes clear that 
5 the design of Figure 7 with its greater curvature of the 
image— side surface of the last lens element LL7 allows to 
achieve a much better wavefront correction (2/100 A vs. 
5/100 A) . However, although the projection objective 
shown in Figure 9 is not as well corrected as the projec- 
10 tion objective shown in Figure 7, due to the compara- 
tively large radius of curvature there is only a small 
cavity underneath the last lens element LL9 which is ad- 
vantageous for the reasons that have been mentioned 
above . 

15 It goes without saying that the present invention is not 
restricted to the use in catadioptric projection objec- 
tives as have been described above. The invention can 
also advantageously be used in projection objectives hav- 
ing a smaller or larger number of intermediate images 

20 than Ln the embodiments shown, and also in dioptric pro- 
jection objectives with or without any intermediate- im- 
ages. In addition, the optical axis may also extend 
through the center of the image field. Examples of fur- 
ther suitable lens designs are to be found, for example, 

25 in US 2002/0196533 Al , WO ^01/050171 Al, WO 02/093209 A2 
and US 6496306 A. 
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Table 1: Design data 



SURFACE 


RADIUS 


ASPHERICAL 


THICKNESS 


MATERIAL 


Object plane 


oo 




37,648 




1 


210,931 




21,995 


Si0 2 


2 


909,02 




1,605 




3 


673,572 




22,728 


Si0 2 


4 


-338,735 


X 


33,19 




5 


130,215 


X 


8,994 


Si0 2 


6 


119,808 




36,001 




7 


216 




40,356 


Si0 2 


8 


-210,59 




0,939 




9 


97,24 




" 49,504 


sio 2 


10 


216,208 


X 


8,164 




12 


-65,704 




49,734 


Si0 2 


Diaphragm 


oo 




49,302 




13 


-113,325 




55,26 




14 


-6210,149 


X 


70,31 


Si0 2 


15 


-195,536 




0,962 




16 


3980,16 




65,997 


Si0 2 


17 


-473,059 




277,072 




18 


-225,942 


X 


246,731 


Mirror 


19 


193,745 


X 


294,329 


Mirror 


20 


-338,56 


X 


17,389 


Si0 2 


21 


-206,244 




8,884 




22 


-148,97 




34,064 


Si0 2 


23 


129,921 


X 


40,529 




24 


-2704,885 




33,192 


Si0 2 


25 


-195,599 




0,946 




26 


-794,214 


X 


30,169 


Si0 2 


27 


-479,39 




24,236 




28 


-311,778 


X 


100,056 


Si0 2 


29 


-159,333 




28,806 




30 


309,839 




43,609 


Si0 2 


31 


836,077 


X 


0,951 




32 


225,096 




55,667 


Si0 2 


33 


687,556 




0,945 




34 


154,575 




64,278 


Si0 2 


35 


911,8 


X 


0,932 




36 


89,986 




44,143 


Si0 2 


37 


199,475 


X 


0,878 




38 


61,984 




9,635 


Si0 2 


39 


35,475 




34,43 


Liquid 


40 


00 






Resist 
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Table 2: Aspherical constants 



Surface 4 




Surface 5 




Surface 10 




A 


5,36225288E-08 


A 


2,53854010E-08 


A 


4,51137087E-07 


B 


-5,17992581E-12 


B 


-1,22713179E-11 


B 


2,46833840E-11 


C 


8,49599769E-16 


c 


1,21417341E-15 


C 


5,78496960E-15 


D 


-7,57832730E-20 


D 


-1,92474180E-19 


D 


-4,391016S3E-18 


E 


3,59228710E-24 


E 


2,0824069 1E-23 


E 


-5,64853356E-22 


F 


-9,16722201E-29 


F 


-9,29539601E-28 


F 


4,95744749E~26 


Surface 14 




"Surface 18 




Surface 19 




A 


-8,48905023E-09 


A 


l,04673033E-08 


A 


-4,11 0993 67E-09 


B 


1,45061822E-13 


B 


1,34351 117E-13 


B 


-9,91828838E-14 


C 


-6 34351367E-1 8 


C 


1 03389626F-18 


C 


-7 936 1 4779 E- 19 


D 


2,84301572E-22 


D 


5,16847878E-23 


D 


-l,66363646E-22 


E 


-8,24902650E-27 


E 


~l,23928686E-27 


E 


5,56486530E-27 


F 


1,27798308E-31 


F 


3,09904827E-32 


F 


-1,79683490E-31 


Surface 20 




Surface 23 




Surface 26 




A 


l,14749646E-07 


A 


-2,8760353 1E-08 


A 


-4,35420789E-08 


B 


-8J9248307E-12 


B 


-9,68432739E-12 


B 


-6,70429494E-13 


C 


8,78420843E-16 


C 


6,88099059E-16 


C 


-4,05835225E-17 


D 


-1,39638210E-19 


D 


-8,7000983 8E-20 


D 


-l,10658303E-20 


E 


2,09064504E-23 


E 


9,59884320E-24 


E 


4,80978147E-25 


F 


-2,15981914E-27 


F 


-5,07639229E-28 


F 


-5,35014389E-29 


Surface 28 




Surface 31 




Surface 35 




A 


-2,70754285E-08 


A 


4,38707762E-09 


A 


l,73743303E-08 


B 


-1,36708653E-12 


B 


-3,69893805E-13 


B 


1,60994523E-12 


C 


-2,46085956E-17 


C 


-4,93747026E-18 


C 


-1/71036162E-16 


D 


2,2665 108 1E-21 


D 


4,0546 1849E-22 


D 


l,26964535E-20 


E 


-1, 200095 86E-25 


E 


~7,59674606E~27 


E 


-5,77497378E-25 


F 


9,2 862250 1E-30 


F 


5,584033 14E-32 


F 


l,55390733E-29 










G 


-1/78430224E-34 


Surface 37 












A 


1, 0497542 1E-07 










B 


1,94141448E-11 










C 


-2,31145732E-15 










D 


4,5720 1996E-1 9 










E 


-3,92356845E~23 










F 


2,35233647E-27 
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Table 3: Design data 



SURFACE 


RADIUS 


THICKNESS 


MATERIAL 


INDEX 


SEMIDIAM 


0 


oo 


32.0000 






65.50 


1 


CO 


0.0000 






80.45 


2 


332.4480 


18.9959 


Si0 2 


1.560318 


84.22 


3 


27083.8930 


17.5539 






85.42 


4 


-253.5666 


26.7129 


SiO z 


1.560318 


86.06 


5 


-179.3607 


164.1318 






90.72 


6 


1920.0084 


34.5089 


Si0 2 


1.560318 


111.13 


7 


-279.4103 


0.9461 






111.59 


S 


213.6767 


34.3917 


Si0 2 


1.560318 


103.48 


9 


17137.3629 


26.7484 






100.67 


10 


-208.9766 


9.4997 


Si0 2 


1.560318 


99.22 


11 


-609.1513 


0.9500 






97.67 


12 


734.0560 


18.8742 


Si0 2 


1.560318 


95.00 


13 


-1380.9253 


24.2008 






93.32 


14 


co 


231.0887 






81.98 


15 


252.7510 


74.6720 


Si0 2 


1.560318 


126.43 


16 


1098.5274 


0.9492 






121.38 


17 


268.9906 


50.1845 


Si0 2 


1.560318 


119.28 


18 


-463.5300 


1.0915 






117.08 


19 


697.8278 


30.0054 


Si0 2 


1.560318 


106.59 


20 


292.0140 


120.0163 






94.90 


21 


CO 


9.9914 






82.23 


22 


CO 


-100.0083 


Mirror 


1.560318 


142.10 


23 


-178.0803 


-45.0048 


Si0 2 


1.560318 


115.52 


24 


-663.9291 


-95.3149 






113.38 


25 


-237.9404 


-15.0000 


Si0 2 


1.560318 


115.72 


26 


-166.3412 


-152.4364 






111.11 


27 


222.8026 


-15.0000 


Si0 2 


1.560318 


127.22 


28 


539.8416 


-94.3687 






138.91 


29 


364.8709 


94.3687 


Mirror 




167.04 


30 


539.8416 


15.0000 


Si0 2 


1.560318 


138.91 


31 


222.8026 


152.4364 






127.22 


32 


-166.3412 


15.0000 


Si0 2 


1.560318 


111.11 


33 


-237.9404 


95.3149 






115.72 


34 


-663.9291 


45.0048 


Si0 2 


1.560318 


113.38 


35 


-178.0803 


100.0083 






115.52 


36 


CO 


94.5942 






122.31 


37 


CO 


-23.8903 






91.10 


38 


CO 


20.0000 






179.89 


39 


254.8239 


29.5175 


Si0 2 


1.560318 


96.82 


40 


-2985.0549 


36.7407 






96.62 


41 


200.4128 


45.9683 


SiQ 2 


1.560318 


106.20 


42 


-666.1976 


170.5500 






105.01 
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43 


-95.1516 


15.0000 


Si0 2 


1.560318 


7 /.96 


44 


-643.9252 


55.6492 






ac no 

y!>.oy 


45 


-175.8508 


-55.6492 


Mirror 




1 AO c 1 


46 


-643.9252 


-15.0000 


Si0 2 


1.560318 


oc no 


47 


-95.1516 


-170.5500 






11 O/C 


48 


-666.1976 


-45.9683 


SI02 


1.560318 


1 AC A1 


49 


200.4128 


-12.1735 






1 A/C OA 


50 


00 


-24.5646 






OA 


51 


-2985.0549 


-29.5175 


S1U2 


1.560318 


yo.oz 


52 


254.8239 


-20.0000 






A/C OO 

96.82 


53 


00 


180.1673 


Mirror 




134. /3 


54 


-148.5117 


25.7491 


S102 


1.560318 


AC O/C 


55 


327.9861 


43.1843 






1 1 / Oil 

116.84 


56 


-496.1113 


30.0070 


SiOa 


1.560318 


124.28 


57 


-252.6773 


19.1777 






ion on 

130.89 


58 


1365.3904 


68.1411 


Si0 2 


1.560318 


165.17 


59 


-284.3746 


73.5313 






172.58 


60 


754.4880 


93.5313 


Si0 2 


1.560318 


234.19 


61 


coo 1 c\nn 
-588.1067 








£,D J> . lu 


62 


357.9132 


85.3268 


Si0 2 


1.560318 


221.99 


63 


-762.8649 


0.9929 






220.72 


64 


304.8598 


57.6484 


SL0 2 


1.560318 


181.91 


65 


1098.9629 


0.9340 






177.48 


66 


143.0811 


62.6047 


SiO z 


1.560318 


127.33 


67 


347.6273 


0.9010 






177.47 


68 


79.6669 


50.1800 


CaF 2 


1.501403 


73.25 


69 


36.1540 


21.2194 


Liquid 


1.600000 


31.82 


70 


QO 






19.38 
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Table 4: Aspherical constants 



SURFACE 

K 

A 

B 

C 

D 

E 

F 

SURFACE 

K 

A 

B 

C 

D 

E 

F 



3 
0 

4.047232E-09 
8.449241E-13 
5.603175E-17 
-4.004583E-21 
-8.168767E-25 
2.123279E-29 

34 
0 

-3.889430E-08 
2.260825E-13 
9.880822E-18 

-2.672567E-22 
4.717688E-26 

-3.817055E-3O 



19 
0 

-4.175853E-08 
-5.621416E-13 
-2.909466E-19 
3.690043E-22 
2.119217E-26 
-9.535588E-31 

39 
0 

-2.037803E-08 
-6.612137E-13 

2.840028E-17 
-4.931922E-21 

4.142905E-25 
-1. 56225 1E-29 



24 
0 

-3.889430E-08 
2.260825E-13 
9.880822E-18 

-2.672567E-22 
4.717688E-26 

-3.817055E-3.0 

44 
0 

-1.157857E708 
1.455623E-12 

-5.746524E-17 
1.261354E-21 
4.0546 15E-25 

-2.761 36 1E-29 



28 
0 

6.661 869E-09 

2.899240E-13 
-1.932302E-17 

1.602360E-21 
-6.342246E-26 

1.183564E-30 

46 
0 

-1.157857E-08 
1. 455623 E-12 

-5.746524E-17 
1.261354E-21 
4,0546 15E-25 

-2.761361E-29 



30 
0 

6.66 1869E-09 

2.899240E-13 
-1.932302E-17 

1.602360E-21 
-6.342246E-26 

1.183564E-30 

52 
0 

-2.037803E-08 
-6.612137E-13 

2.840028E-17 
-4.931922E-21 

4.142905E-25 
-1.562251E-29 



SURFACE 

K 

A 

B 

C 

D 

E 

F 



58 
0 

-1.679180E-08 
-5.846864E-14 

7.385649E-18 
-5.142028E-22 

1.479187E-26 
-2.189903E-31 



62 
0 

-1.483428E-08 
-2.269457E-14 

4.944523E-18 
-1.410026E-22 

1.643655E-27 
-7.668 842E-33 



65 
0 

-9.489171E-09 
5.001612E-13 

-1.283531E-17 

-8.674473E-23 
7.103644E-27 

-7.251904E-32 



67 
0 

-L782977E-08 
9.574096E-13 
7.878477E-17 

-7.1671 82E-21 
2.682224E-25 

-3.423260E-30 
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Table 5: Design data 



SURFACE 


RADIUS 


THICKNESS 


MATERIAL 


INDEX 


SEMIDIAM 


0 


oo 


32.0000 






65.50 


1 


CO 


0.0000 






80.46 


2 


3568.5495 


29.3610 


CAF 2 


1.555560 


80.77 


3 


-306.4778 


50.8080 






84.99 


4 


-495.7015 


32.5298 


CAF 2 


1.555560 


97.37 


5 


-161.1181 


81.4155 






99.50 


6 


188.0753 


36.2525 


CAF 2 


1.555560 


93.00 


7 


-1013.7352 


6.1886 






90.93 


8 


288.3482 


26.9703 


CAF 2 


1.555560 


82.17 


9 


872.7887 


32.5801 






74.60 


10 


oo 


47.8395 






57.76 


11 


-76.3176 


12.9591 


CAF 2 


1.555560 


65.40 


12 


-82.8195 


72.8834 






71.21 


13 


494.0581 


30.0025 


CAF 2 


1.555560 


105.98 


14 


500.2689 


0.9499 






109.01 


15 


210.1705 


55.9335 


CAF 2 


1.555560 


115.54 


16 


-462.2471 


0.9442 






114.96 


17 


191.5029 


28.1484 


CAF 2 


1.555560 


104.19 


18 


469.5739 


3.8083 






100.65 


19 


313.4359 


9.4935 


CAF 2 


1.555560 


99.24 


20 


161.6230 


115.1964 






91.07 


21 


OO 


14.7967 






90.40 


22 


OO 


-100.0183 


Mirror 




206.37 


23 


-247.2670 


-56.5211 


CAF 2 


1.555560 


148.25 


24 


1546.1350 


-403.3917 






147.84 


25 


500.0000 


-25.0000 


CAF 2 


1.555560 


142.88 


26 


-2059.5717 


-87.3199 






147.68 


27 


173.4701 


-25.0000 


CAF 2 


1.555560 


148.30 


28 


823.5657 


-65.7941 






193.66 


29 


295.8639 


65.7941 


Mirror 




204.70 


30 


823.5657 


25.0000 


CAF 2 


1.555560 


193.66 


31 


173.4701 


o/.3iyy 








32 


-2059.5717 


25.0000 


CAF 2 


1.555560 


147.68 


33 


500.0000 


403.3917 






142.88 


34 


1546.1350 


56.5211 


CAF 2 


1.555560 


147.84 


35 


-247.2670 


100.0183 






148.25 


36 


oo 


49.8789 






125.86 


37 


OO 


20.8278 






89.12 


38 


oo 


20.0000 






149.02 


39 


215.5222 


38,8898 


CAF 2 


1.555560 


91.59 


40 


-548.9606 


360.6137 






90.02 


41 


-126.6780 


15.0000 


CAF 2 


1.555560 


120.92 


42 


-567.9480 


48.8335. 






169.01 


43' 


-224.2817 


-48.8335 


Mirror 




171.87 
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44 


-567 9480 


-i s noon 


PAF, 


1 .jjjjOU 


xoy.ui 


45 


-126 6780 








1 90 Q9 


46 


oo 


-45 7487 

*"T«J > / to / 






521 QA 


47 


-548 9606 


-38 8898 




1 555560 

X .JJJ JOU 


QO 09 


48 


215 5222 


-20 0000 






I .J7 


49 


oo 


195 8787 


A/f iTror 

JLVJ.1H Ul 




74 

X_5 J . /H 


50 


-121 2718 


15 1499 




1 555560 


97 1 8 


51 


529 2614 


24 3014 






1 97 08 


52 


-8438 5548 


64.5537 


CAF<> 


1 555560 


1 ^7 49 

1 J / .HA 


53 


-202 6253 


95 9464 






1 49 Q7 


54 


-1447.9251 


63 0634 


v^-rvi 2 


1 555560 

X . .J ^/ J J VJW 


1 68 91 

1 DO.7 1 


55 


-254 3816 


80 5189 






1 74 


56 


783.5550 


57.0370 


CAF 2 


1 555560 

X • w/ *J <mJ \J\J 


203.06 


57 


-939.7625 


70.4486 






203.12 


58 


358.1334 


55.4484 


CAF 2 


1.555560 


186.96 


59 


5861.2627 


0.9614 






184.33 


60 


259.9889 


36.5173 


CAF 2 


1.555560 


161.62 


61 


371.5128 


0.8975 






156.47 


62 


134.7936 


77.4909 


CAF 2 


1.555560 


127.53 


63 


767.8631 


0.7967 






119.07 


64 


72.9080 


48.3195 


CAF 2 


1.555560 


70.97 


65 


29.7284 


27.0563 


IMM016 


1.600000 


31.25 


66 


oo 








19.39 
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Table 6: Aspherical constants 



SURFACE 


3 


9 


19 


24 


26 


K 


0 


0 


0 


0 


0 


A 


2.172737E-08 


8.983641E-08 


-5.825972E-08 


-1.605889E-08 


-2779244E-10 


B 


1.71 863 1E-12 


-5.996759E-12 


-6.306762E-13 


4.504977E-16 


-3.062909E-14 


C 


1.514127E-16 


6.363808E-16 


-2.783920E-17 


3.596627E-21 


1.861506E-18 


D 


-2.716770E-22 


-3.998733E-20 


-1.594705E-21 


2.792862E-22 


-2.425072E-22 


E 


-1.O08203E-24 


-5.130142E-24 


2.956685E-25 


-1.885291E-26 


1.114443E-26 


F 


-1.157181E-28 


1.266998E-28 


-1 .06425 1E-29 


3.351694E-31 


-2.553 147E-31 


SURFACE 


28 


30 


32 


34 


39 


K 


0 


0 


0 


0 


0 


A 


4.632690E-09 


4.632690E-09 


-2.779244Erl0 


-1.605889E-08 


-1.815667E-08 


B 


-3.213384E-14 


-3213384E-14 


-3.062909E-14 


4.504977E-16 


-2.488991E-13 


C 


7.229632E-20 


7.229632E-20 


1.861506E-18 


3.596627E-21 


2.824306E-17 


D 


2.100335E-23 


2.100335E-23 


-2.425072E-22 


2.792862E-22 


-4.697303E-21 


E 


-5-592560E-28 


-5.592560E-28 


1.114443E-26 


-1.885291E-26 


3.415362E-25 


F 


6.249291E-33 


6.24929 1E-33 


-2.553 147E-31 


3.351694E-31 


-9.509214E-30 


SURFACE 


42 


44 


48 


54 


59 


K 


0 


0 


0 


0 


0 


A 


-9.514646E-09 


-9.514646E-09 


-1.815667E-08 


-1.031964E-08 


8.72E-09 


B 


1.336864E-13 


1.336864E-13 


-2.488991E-13 


-1.081794E-13 


-2.71E-13 


C 


-4.722253E-18 


-4.722253E-18 


2.824306E-17 


6.909628E-18 


1.07E-17 


D 


1.120165E-22 


1.120165E-22 


-4.6973 03 E-21 


-3.648077E-22 


-6.07E-22 


E 


-1.895395E-27 


-1.895395E-27 


3.415362E-25 


9.693996E-27 


1.40E-26 


F 


1.489410E-32 


1.489410E-32 


-9.509214E-30 


-1.380442E-31 


-1.10E-31 


SURFACE 


61 


63 








K 


0 


0 








A 


-2.45E-08 


4.37E-08 








B 


6.62E-13 


-8.96E-13 








C 


-1.32E-17 


4.21E-17 








D 


6.68E-22 


-3.88E-21 








E 


-1.47E-26 


2.01E-25 








F 


1.14E-31 


-3.84E-30 
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Table 7: Design data 



SURFACE 


13 A TVTT TO 


1 HlCiviNi^JSJS 


7V/T A TTTUT A T 




CTTTV/fTnT A ]\yT 


0 


00 


32.0000 






<A 
OJ.JU 


1 


00 


0.0000 






O0.45 


2 


361.5503 


30.0063 


S1CJ2 


1.560J10 


o3.o / 


3 


3766.1854 


293115 






06.0/ 


4 


-313.0243 


17.3177 


S1U2 


1.5603 lo 


OA 

yu. /z 


5 


-211.2930 


182.7697 






A^3 1 A 

93.19 


6 


-709.0001 


29.1631 




1 .5603 lo 


1 on oa 
1zU.o3 


7 


-255.7121 


1 O 1 O O 1 

13.1321 






1 OO O Q 

IzZ.zo 


8 


261.1325 


45.4463 


0IU2 


1 C/CAO 1 O 

1.56U31o 


1 iO.OJ 


9 


-728.3260 


29.9790 


y 




llo./O 


10 


-209.1405 


18.3161 


■ Sl0 2 


1.56031O 


1 13.3D 


11 


-2675.8307 


4.7872 






1 11 1 A 

1 13. 1U 


12 


.4 /"% "1 ^ /"/Art 

421.7508 


25.2987 


Sl0 2 


1.560318 


1 IZAZ 


13 


-5576.5014 


21.4392 






111 OA 

1 1 i.2y 


14 


00 


355.5491 






iu3.y3 


15 


249.8044 


71.3667 


Sl0 2 


1.560315 


103.4Z 


16 


AAA-* et r\ «~t 

-4441.8089 


32.5158 






lol .3 1 


17 


247.2422 


37.4261 


S1O2 


1. 560318 


130. Uo 


18 


797.4045 


43.7199 






lOA Ol 

IJU.ol 


19 


665.9047 


30.0078 


S10 2 


1.D6U3 lo 


iu<s.ou 


20 


318.3673 


120.0233 






yo.o3 


21 


CO 


9.9881 






/y.4u 


22 


00 


-100.0079 


Mirror 




122. 5D 


23 


-145.3105 


-45.0039 


Sl0 2 


1.560315 


1 A^7 O 1 
1U /.Zl 


24 


-705.3999 


-7.6524 






1 A/1 OA 


25 


-149.2286 


-15.0000 


Si0 2 


1.560315 


1 AA /CO 


26 


-107.5358 


-125.6003 






Q1 *^n 


27 


398.2665 


-15.0000 


S102 


1 CiCA'J 1 Q 

1.5o031o 


1 A1 OA 

1U1 .54 


28 


419.3212 


-44.0802 






1 AA 1 £ 


OQ 

Zy 




44 0809 

*+*+. uOUa 


IVJLIJI I \JX 




107.66 


30 


419.3212 


15.0000 


Si0 2 


1.560318 


104.16 


31 


398.2665 


125.6003 






101.84 


32 


-107.5358 


15.0000 


Si0 2 


1.560318 


91.50 


33 


-149.2286 


7.6524 






100.69 


34 


-705.3999 


45.0039 


Si0 2 


1.560318 


104.90 


35 


-145.3105 


100.0079 






107.21 


36 


00 


103.9571 






130.84 


37 


00 


-33.2893 






99.43 


38 


00 


20.0000 






210.81 


39 


250.9147 


31.5356 


Si0 2 


1.560318 


101.23 


40 


-1057.0829 


21.3930 






102.52 


41 


202.0288 


47.3927 


Si0 2 


1.560318 


111.71 


42 


-941.7186 


197.8094 






110.48 
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A O 

43 


-88.9067 


1 C AAAA 

15.0000 




1 C /TAO 1 O 

1.560318 


OO £ZH 


A A 

44 


-573.5619 


OO 1 C/ZCS 

23.1569 






QQ QQ 
OO.OO 


A C 

45 


-142.4338 


OO 1 C/CO 

-23.1569 


Mirror 




QQ O Q 


A H 

46 


coo c/zi a 
-573.5619 


1 C AAAA 

-Id. oooo 




1 C/CAO 1 O 

1.560318 


QQ QQ 
OO.OO 


47 


-88.9067 


1 AO OAA/1 

-19 /.8094 






OO iCO 
/Z.O / 


A O 

48 


-941.7186 


A O O AOO 

-4/.J92/ 




1 C/CAQ 1 Q 

1.5605 lo 


1 1 A /I Q 

1 lU.4o 


49 


202.0288 


-1 l.Jooo 






1 1 1 71 
1 1 1 . / 1 




oo 


-9.yo90 








c i 
51 


-1057.0829 


-31.5556 


0IU2 


1 C/CnQ 1 Q 


1 AO CO 
lOZ.DZ 


52 


o c/"\ r\ 1 /i **7 

250.9147 


OA AAAA 

-20.0000 






1 AT Ol 

1U1.Z5 


53 


OO 


O A A /I C 1 A 

209.4519 


Mirror 




IOC AO 

155.0/ 


54 


-133.9081 1 


A /I ACT 

9.498/ 


bi0 2 


1.560318 


AO Ol 

y /. /i 


55 


406.9979 


48.9711 






1 1 A OO 

1 19.82 


56 


-523.9173 


41.1332 


Sl0 2 


1.560318 


IOC OA 

135.89 


57 


-224.0541 


29.8664 






1 ylO CC 

142.55 


58 


1367.6570 


94.8234 


Si0 2 


1.560318 


1 A1 viO 

191.42 


59 


-271.7647 


o 1 rroo 

8.1788 






1 AO OO 

198.8/ 


ou 


Q07Q 

oo / .yz /y 




01VJ2 


1 ,JOUj 1 0 


ZOZr.O 1 


61 


-808.5395 


140.7841 






233.01 


62 


286.6775 


82.6895 


Si0 2 


1.560318 


201.18 


63 


-1096.4782 


0.9668 






198.76 


64 


350.5350 


35.6242 


Si0 2 


1.560318 


164.87 


65 


884.2685 


0.9173 






159.58 


66 


115.9293 


64.9068 


Si0 2 


1.560318 


108.97 


67 


412.6826 


0.8041 






99.04 


68 


57.1792 


41.0408 


CaF 2 


1.501403 


55.06 


69 


99.9106 


10.1713 


Liquid 


1.600000 


30.68 


70 


oo 






19.40 
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Table 8: Aspherical constants 



SURFACE 

K 

A 

B 

C 

D 

E 

F 



3 
0 

-1.OO1534E-09 
6.144615E-13 
1.247768E-16 
-1.O48854E-20 
-4.463818E-25 
6.154983E-30 



19 
0 

-4.128786E-08 
-4.980750E-13 
2.649167E-18 
5.315992E-22 
-6.165935E-27 
1.945950E-32 



24 
0 

-4.510495E-08 
6.742821E-13 
3.004246E-17 
2.453737E-21 
-3.687563E-25 
-1.491 146E-30 



28 
0 

L339665E-08 

1.482582E-12 
-L857530E-16 

3.433994E-20 
-2.905941E-24 

1.237374E-28 



30 
0 

1.339665E-08 

1.482582E-12 
-1.857530E-16 

3.433994E-20 
-2.90594 1E-24 

1.237374E-28 



SURFACE 

K 

A 

B 

C 

D 

E 

F 



34 
0 

-4.510495E-08 
6.742821E-13 
3.O04246E-17 
2.45373 7E-21 
-3.687563E-25 
-1.491 146E-30 



. 39 
0 

-2.582589E-08 
-4.336537E-13 

5.153775E-17 
-7.829 187E-21 

5.69603 1E-25 
-1.711252E-29 



44 
0 

-1.589920E-08 
1.112204E*12 

-2.537422E-17 

-5.148293E-21 
8.322199E-25 

-2.485886E-29 



46 
0 

-1.589920E-08 
1.112204E-12 

-2.537422E-17 

-5.148293E-21 
8.322199E-25 

-2.485886E-29 



52 
0 

-2.582589E-08 
-4.336537E-13 

5.153775E-17 
-7.8291 87E-21 

5.69603 1E-25 
-1.711252E-29 



SURFACE 

K 

A 

B 

C 

D 

E 

F 



58 
0 

-1.313863E-08 
L817234E-14 
2.355838E-18 

-1.447425E-22 
3.333235E-22 

-4.355238E-32 



62 
0 

-1.809441E-08 
-2.428724E-14 

1.168088E-17 
-4.545469E-22 

7.354258E-27 
-4.766510E-32 



65 
0 

-L821041E-09 
4.495016E-13 

-7.637258E-18 

-1.610477E-21 
7.379400E-26 

-9.483 899E-31 



67 
0 

-4.599046E-10 
3.983791E-12 

-1.382332E-16 

-2.858839E-21 
4.614539E-25 

-1.411510E-29 



